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Simulating  Inlet  Distortion  Effects  in  a  Direct-Connect 

Scramjet  Combustor 


Mark  R.  Gruber*  and  Mark  A.  Hagenmaier^ 

Air  Force  Research  Laboratory,  WPAFB,  Ohio,  45433 

and 

Tarun  Mathur^ 

Innovative  Scientific  Solutions,  Inc.,  Dayton,  Ohio,  45440 


A  special  piece  of  hardware  (called  a  distortion  generator)  was  designed  using 
computational  tools  to  mimic  the  effects  of  inlet  distortion  in  a  direct-connect  test 
environment.  Direct-connect  simulations  of  scramjet  combustors  typically  use  facility 
nozzles  designed  to  produce  uniform  flow  entering  the  test  article.  However,  in  free-jet  and 
flight  experiments,  where  air  is  ducted  to  the  supersonic  combustor  through  an  inlet,  flow 
entering  the  test  article  will  be  inherently  distorted.  These  distortion  effects  can  include  non- 
uniform  boundary  layer  thicknesses  on  the  walls  and  relatively  strong  oblique  shock  waves. 
In  this  work,  the  design  methodology  for  the  distortion  generator  is  described  along  with 
details  of  its  fabrication  and  installation  into  the  experimental  research  facility.  Finally,  the 
results  of  computational  and  experimental  calibrations  are  presented.  Results  confirm  that 
distortion  characteristics  anticipated  in  freejet  and  flight  experiments  can  be  effectively 
simulated  in  the  direct-connect  test  environment.  This  new  hardware  will  enable  future 
experimental  investigations  aimed  at  understanding  the  effects  of  inlet-induced  distortion  on 
combustor  operability  and  performance. 
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Nomenclature 

cross-sectional  area 
engine  throat  height 

static  pressure  normalized  by  1-D  static  pressure  at  the  engine  throat 
combustion  heater  total  pressure 
combustion  heater  total  temperature 
mass  flow  rate 

streamwise  coordinate  normalized  by  facility  nozzle  exit  height  (X=0  at  engine  throat) 
transverse  coordinate  normalized  by  facility  nozzle  exit  height  (Y=0  at  cowl  wall) 
spanwise  coordinate  normalized  by  facility  nozzle  exit  height  (Z=0  at  spanwise  centerline) 


I.  Introduction 

Development  of  supersonic  combustion  ramjet  (scramjet)  engines  commonly  involves  several  phases  of 
experimental  evaluation  in  close  collaboration  with  computational  fluid  dynamics  (CFD)  simulations. 
Generally,  component- level  experiments  are  conducted  in  free-jet  (for  inlet- isolator  components)  and  direct- connect 
(for  isolator-combustor  components)  facilities,  while  the  integrated  engine  (inlet-isolator-combustor-nozzle)  is 
evaluated  in  a  free-jet  facility  prior  to  flight  testing. 

In  the  direct-connect  test  environment,  scramjet  combustor  simulations  are  typically  accomplished  using  a 
facility  nozzle  that  is  designed  to  produce  a  uniform,  supersonic  gas  stream  with  one-dimensionally  averaged  flow 
properties  that  match  the  expected  conditions  at  the  engine  throat  (entrance  to  the  engine  isolator)  in  a  flight  vehicle. 
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While  this  test  environment  offers  substantial  advantages  over  the  free-jet  environment  (redueed  experimental 
eomplexity,  potentially  longer  test  duration,  generally  simplified  test  artiele  design  eonstraints,  more  flexible 
instrumentation  options,  ete.),  direet-eonneet  testing  does  not  reproduee  the  highly  distorted  flow  profile  eaused  by 
oblique  shoeks  generated  in  the  seramjet  inlet.  This  raises  eoneerns  that  the  performanee  and  operability  results 
obtained  in  direet-eonneet  experiments  may  not  be  representative  of  the  free-jet  and/or  flight  environments. 

Distortion  effeets  have  been  studied  in  traditional  direet-eonneet  testing  by  mounting  a  small  eompression  ramp 
on  one  wall  to  generate  a  shoek  representing  the  eowl-lip  shoek  that  would  exist  in  a  full  engine.  However,  this 
approaeh  also  generates  a  strong  expansion  fan  at  the  end  of  the  ramp.  This  expansion  fan  weakens  the  shoek 
generated  by  the  ramp,  resulting  in  an  inaeeurate  simulation  of  the  true  distortion  that  would  be  generated  in  the 
inlet.  The  approaeh  used  in  the  eurrent  investigation  is  a  non-traditional  form  of  direet-eonneet  testing,  where  a 
faeility  nozzle  is  used  to  generate  the  average  eonditions  at  a  plane  upstream  of  the  engine  throat  where  the 
eonditions  in  the  full  engine  are  nearly  uniform.  Starting  at  this  plane,  the  full  engine  geometry  is  replieated,  eausing 
the  shoeks  generated  within  the  direet-eonneet  hardware  to  be  eonsistent  with  those  in  the  full  engine.  It  is  important 
to  note  that  in  both  traditional  and  non-traditional  direet-eonneet  testing,  the  boundary  layer  eharaeteristies  may  not 
adequately  mateh  those  that  exist  in  the  full  engine.  Boundary  layer  modifieation  (e.g.,  bleed,  mass  injeetion,  or 
vortex  generators)  may  be  used  to  improve  the  mateh;  none  of  these  approaehes  is  explored  in  the  eurrent  work. 

This  work  began  with  the  desire  to  experimentally  examine  the  effeets  of  inlet  distortion  on  the  performanee  and 
operability  of  an  isolator-eombustor  model  in  the  direet-eonneet  eombustion  researeh  laboratory  at  the  Air  Foree 
Researeh  Laboratory  (AFRL).  As  mentioned  above,  this  environment  offers  advantages  in  assessing  the  seramjet 
isolator-eombustor,  but  its  most  notable  shortfall  is  that  the  inflow  to  the  model  is  a  uniform  supersonie  stream.  In 
this  work,  a  methodology  for  designing  a  speeial  pieee  of  hardware  (ealled  a  distortion  generator)  was  sought  to 
simulate  the  effeets  of  inflow  distortion  in  this  researeh  faeility.  If  sueeessful,  this  modifieation  to  the  traditional 
direet-eonneet  test  approaeh  would  provide  valuable  information  on  flowpath  performanee  and  operability  earlier  in 
the  seramjet  engine  development  proeess.  This  paper  deseribes  various  aspeets  of  the  development  of  the  distortion 
generator,  ineluding  the  design  methodology,  the  fabrieation  and  installation  of  the  hardware,  and  the  results  of 
flowfield  ealibrations.  Comparisons  are  made  between  eomputational  and  experimental  results. 

II.  Design  of  an  Inflow  Distortion  Generator 


A.  Design  Approach 

In  a  planar  or  2-D  inlet  with  a  flat  eowl,  the  internal  flowfield  is  dominated  by  a  single  oblique  shoek  that  is 
generated  by  the  flow  turning  at  the  eowl  leading  edge,  as  shown  in  Figure  1.  Negleeting  the  boundary  layers,  the 
flow  is  nearly  uniform  at  eaeh  station  where  that  oblique  shoek  refleets  off  the  walls.  At  the  first  refleetion  point 
(where  the  shoek  hits  the  body  surfaee),  flow  is  parallel  to  the  eowl  surfaee.  At  the  seeond  refleetion  point  (where 
the  shoek  hits  the  eowl  surfaee),  flow  is  parallel  to  the  body  surfaee.  Depending  on  the  length  of  the  internal 
eompression  seetion  and  the  shoek  angle,  more  refleetions  may  oeeur  upstream  of  the  engine  throat.  Any  of  these 
shoek-refleetion  loeations  eould  be  seleeted  as  the  start  of  the  distortion  generator.  The  advantage  of  the  first 
refleetion  point  in  Figure  I  is  that  the  flow  is  parallel  to  the  eowl.  Beginning  the  distortion  generator  at  this  point 
would  yield  a  pieee  of  hardware  mounted  parallel  to  the  eowl,  whieh  is  eonsistent  with  the  traditional  direet-eonneet 
operation  without  distortion.  The  advantage  of  the  seeond  refleetion  point  is  that  the  flow  suffers  fewer  total 


Shock 


Figure  1.  Seramjet  internal  flow  structure. 
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pressure  losses  between  that  point  and  the  engine  throat  and  therefore  requires  a  lower  faeility  pressure  to  produee 
the  same  eonditions  at  the  throat.  However,  in  this  ease,  either  the  test  artiele  or  the  inflow  hardware  would  have  to 
be  rotated  to  align  the  flow  exiting  the  distortion  generator  with  the  body  surfaee.  For  the  present  study,  the  first 
refleetion  point  was  seleeted  as  the  loeation  to  begin  the  distortion  generator.  The  following  four-step  proeess  was 
employed  in  the  eomputational  design  of  the  distortion  generator: 

•  Step  1:  For  the  flight  eondition  of  interest,  the  shoek  refleetion  loeations  for  the  full  engine  were  identified, 
using  a  2-D  turbulent  CFD  analysis.  The  Maeh  number  and  flowpath  height  at  the  refleetion  point  seleeted  as 
the  “mateh-poinf  ’  were  also  determined. 

•  Step  2:  A  faeility  nozzle  was  designed  using  traditional  method-of-eharaeteristies  proeedures  to  generate  the 
Maeh  number  and  mateh-point  height  identified  in  Step  1.  From  the  mateh-point  height  and  Maeh  number,  the 
throat  height  was  determined.  In  the  present  work,  two  expansion  seetions  were  designed  to  provide  additional 
flexibility.  The  first  seetion  expands  the  flow  from  the  nozzle  throat  height  to  the  engine  throat  height,  resulting 
in  a  faeility  nozzle  that  ean  be  eonneeted  either  to  the  seeond  expansion  seetion  or  direetly  to  the  engine  throat. 
The  seeond  seetion  expands  the  flow  from  the  engine  throat  height  to  the  mateh-point  height.  This  seetion  is 
then  eombined  with  the  vehiele  geometry  from  the  mateh-point  loeation  to  the  engine  throat  to  define  the 
distortion  generator.  This  deviee  has  equal  inflow  and  outflow  areas. 

•  Step  3:  For  tunnel  eonditions  eonsistent  with  the  total  eonditions  expeeted  at  the  ehosen  refleetion  point,  3-D 
turbulent  CFD  analysis  was  performed  to  evaluate  the  distortion  produeed  by  the  distortion  generator.  This  CFD 
analysis  aeeounted  for  various  effeets  (variable  speeifie  heats,  and  viseous  effeets)  that  were  not  aeeounted  for 
in  the  MOC  design  tool. 

•  Step  4:  The  design  was  adjusted  as  neeessary  to  improve  the  mateh  between  the  distortion  produeed  by  the 
distortion  generator  and  the  distortion  present  in  the  full  engine.  Possible  adjustments  ineluded  shifting  the 
mateh-point  loeation,  adjusting  the  nozzle  throat  height,  or  modifying  the  boundary  layer  thiekness  (via  bleed, 
mass  injeetion,  ete.). 

All  viseous  CFD  ealeulations  performed  in  this  work,  both  the  2-D  flight  eondition  analysis  and  the  3-D 
distortion  generator  analysis,  were  performed  with  the  CFD++  tool  from  Metaeomp  Teehnologies.^  CFD++  has  been 
demonstrated  for  many  high-speed  propulsion  applieations.^'^  The  fluid  was  modeled  as  a  mixture  of  thermally- 
perfeet  gases,  and  turbulenee  was  modeled  using  the  eubie  k-epsilon  model.  Struetured  grids  were  generated  with 
the  Gridgen  tool  from  Pointwise.  Maximum  eell  size  in  all  direetions  was  approximately  0.1  ineh,  with  elustering 
near  the  walls  to  provide  adequate  resolution  of  the  boundary  layers.  In  all  eonfigurations  simulated,  the  design  is 
symmetrie  from  left  to  right.  This  symmetry  was  enforeed  within  the  CFD,  allowing  a  faetor  of  two  reduetion  in  the 
required  number  of  eomputational  eells.  The  grid  ineluded  a  slightly  divergent  isolator  with  a  length  of 
approximately  12H,  followed  by  a  higher  divergenee  seetion  with  a  length  of  approximately  6H.  The  seetion  with 
higher  divergenee  was  ineluded  to  allow  flow  reattaehment  for  baek-pressured  simulations,  making  the  outflow 
boundary  eondition  well-posed. 

B.  Design  Results  and  Implementation 

The  aerodynamie  eontour  of  the  distortion  generator  that  resulted  from  the  design  approaeh  deseribed  above  is 
shown  in  Figure  2.  This  eontour  served  as  the  basis  for  the  design  and  fabrieation  of  a  hardware  seetion  for 
experimental  evaluation.  The  expansion  region  required  to  aeeelerate  the  faeility  nozzle  outflow  to  eonditions 
eneountered  at  the  first  shoek  refleetion  point  eomprises  over  half  the  length  of  the  eontour.  The  eompression 
surfaee  begins  at  approximately  X  =  -5  and  the  eowl  wall  was  held  flat  throughout. 

Table  1  shows  the  eonfiguration  matrix  used  in  the  present  investigation.  Based  on  the  available  experimental 
hardware,  two  traditional  direet-eonneet  arrangements  were  assembled  (Configurations  1  and  2)  in  addition  to  the 
arrangement  based  on  the  distortion  generator  (Configuration  3).  In  Configuration  1,  a  Maeh  2.56  nozzle  was 
installed  without  a  faeility  isolator.  Configuration  2  used  a  Maeh  2.70  faeility  nozzle  with  a  7.2H  long  faeility 
isolator  of  eonstant  eross-seetional  area.  Finally,  in  Configuration  3,  a  Maeh  2.84  faeility  nozzle  was  used  upstream 
of  the  distortion  generator.  Figure  3  eontains  sehematies  of  these  three  arrangements  along  with  a  representation  of 
the  body  wall  of  a  flight  vehiele  inlet.  In  these  sehematies,  the  flow  direetion  is  from  left  to  right.  In  the  two  typieal 
direet-eonneet  experimental  arrangements,  the  supersonie  flow  entering  the  test  artiele  (engine  isolator  +  eombustor) 
is  designed  to  be  free  of  shoek  waves  and  have  uniform  properties  in  the  eore  flow.  The  main  differenee  between 
these  two  eonfigurations  should  be  the  boundary  layer  properties  entering  the  engine.  The  hardware  downstream  of 
the  engine  throat  (X  =  0)  is  eommon  to  all  eonfigurations. 
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Figure  2.  Aerodynamic  contour  of  distortion  generator. 


Table  1.  Hardware  configuration  matrix. 


Configuration 

Facility  Nozzle 

Facility  Isolator 

Distortion  Generator 

Engine  Isolator 

1 

2.56 

No 

No 

Forward 

2 

2.70 

Yes 

No 

Forward 

3 

2.84 

No 

Yes 

Forward 

4 
3 
2 
1 
0 

-20  -15  -10  -5  0  5 

X 

Figure  3.  Hardware  configurations  for  clean  flow  and  distorted  flow  studies. 

This  distortion  generator  design  was  originally  developed  for  a  Maeh  6.5  flight  eondition  that  had  an  estimated 
throat  Maeh  number  of  3.25.  The  design  proeess  led  to  a  faeility  nozzle  that  produeed  a  Maeh  number  of 
approximately  3.60.  After  passing  through  the  distortion  generator,  the  average  Maeh  number  was  approximately 
3.25,  and  the  pressure  distortion  was  similar  to  that  predieted  for  the  full  engine  in  flight,  as  shown  in  Figure  4.  After 
the  distortion  generator  was  designed  for  these  eonditions,  the  researeh  direetion  ehanged  to  foeus  on  lower-speed 
applieations.  The  distortion  generator  was  re-evaluated  to  determine  its  suitability  for  the  new  eonditions.  Results 
indieated  that  the  use  of  an  existing  Maeh  2.84 
faeility  nozzle  with  the  “as  designed”  distortion 
generator  would  provide  a  suitable  level  of 
distortion,  and  a  similar  average  Maeh  number 
to  the  eonditions  antieipated  at  the  lower- 
speed.  Figure  5  presents  eomputational  results 
from  the  three  hardware  eonfigurations  of 
interest.  This  plot  shows  that  the  one¬ 
dimensional  Maeh  number  aehieved  at  the 
engine  throat  and  at  the  exit  of  the  forward 
engine  isolator  is  only  slightly  dependent  on 
the  hardware  eonfiguration.  The  engine  throat 
Maeh  number  is  expeeted  to  vary  only  ±0.1 
aeross  the  three  hardware  eonfigurations. 


Figure  4.  Predicted  pressure  profiles  for  two  ground  test 
approaches  and  for  flight. 
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III.  Experimental  Resources 

A  continuous  flow  of  air  at  up  to  30  Ibm/sec,  750  psia, 
and  1660°R,  with  3.0  psia  continuous  exhaust,  can  be 
provided  to  the  laboratory  by  the  Researeh  Air  Faeility.  This 
faeility  uses  an  in-stream  eombustion  heater  (fueled  with 
eompressed  natural  gas)  to  generate  eonditions  suitable  for 
simulations  of  Maeh  3.5  -  7.0  flight  eonditions.  Liquid  and 
gaseous  oxygen  systems  are  available  for  providing  make-up 
oxygen  to  the  eombustion-heated  air  stream.  Liquid  and 
gaseous  hydroearbon  fuel  systems  deliver  fuel  to  the 
researeh  eombustor.  An  eleetrie  fuel  heater  heats  eombustor 
fuel  to  the  required  temperatures  for  various  eombustor 
simulation  eonditions.  A  reeireulating  eooling  water  system 
provides  2500  gpm  at  70  psia;  raw  dump  water  at  350  psia  is 
also  available.  The  entire  flowpath  is  seeured  to  a  thrust 
stand  for  direet  measurements  of  the  thrust  generated  by  the 
eombustor.  This  measurement  may  be  eombined  with  wall 
statie  pressure  measurements  and  a  performanee  analysis 
routine  to  deduee  eombustion  effieieney  and  other  performanee  parameters.  Additional  details  about  the  faeility, 
ineluding  the  available  instrumentation  and  fuel  heater,  are  presented  elsewhere.^ 

A.  Distortion  Generator  Mechanical  Design  and  Fabrication 

Figure  6  shows  the  assembly  drawings  for  the  distortion  generator.  The  flowpath  seetion  was  eomprised  of  four 
walls  (two  side  walls,  a  body  wall,  and  a  eowl  wall).  The  body  wall  eontained  the  expansion  and  eompression 
surfaees  required  to  generate  the  desired  distorted  flow  profile;  the  other  three  walls  were  flat.  Eaeh  wall  was  a 
eomposite  assembly  of  oxygen-free  eopper  brazed  to  a  stainless  steel  support  strueture.  Passages  were  milled  into 
the  eopper  to  allow  eooling  water  to  be  delivered  and  routed  through  the  walls.  The  eooling- water  flowed  in  the 
streamwise  direetion  within  the  two  side  walls  and  in  the  spanwise  direetion  within  the  body  and  eowl  walls.  Water 
supply  and  return  ports  were  welded  to  the  stainless  steel  support  strueture.  Figure  6  shows  the  eooling  water  ports 
on  the  eowl  wall. 

Twenty-nine  instrumentation  ports  were  provided  in  the  eowl  wall.  These  ports  eould  be  used  for  either  wall 
statie  pressure  or  wall  temperature  measurements.  The  ports  were  positioned  between  the  eooling  ehannels  in  the 
eowl  wall  and  were  primarily  loeated  on  the  spanwise  eenterline  of  the  flowpath,  but  off-eenterline  taps  were  also 


Figure  5.  Axial  distribution  of  one-dimensional 
Mach  number  for  each  hardware  configuration. 
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Figure  6.  Distortion  generator  assembly  drawing. 
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available  at  four  axial  positions.  Figure  6  shows  the  instrumentation 
layout. 

The  four-wall  assembly  was  bolted  together.  The  mating  surfaees  of 
the  walls  were  sealed  using  silieon  0-ring  eord  (0.210-in.  diameter). 

Upstream  and  downstream  flanges  allowed  the  assembled  eomponent  to 
be  attaehed  to  the  faeility  nozzle  and  the  engine  isolator;  the  flange  seals 
were  also  made  with  silieon  0-rings  (0.210-in.  diameter).  Figure  6  shows 
the  bolts  in  the  side  view  of  the  assembly. 

B.  Flowpath  Calibration 

The  flowfields  assoeiated  with  the  various  nozzle  and  isolator 
eombinations  shown  in  Figure  3  were  studied  experimentally  using  wall 
pressure  measurements  and  in-stream  probe-based  measurements.  The 
number  of  wall  pressure  measurements  varied  depending  on  the  hardware 
eonfiguration  in  use.  Configuration  1  had  38  instrumented  pressure  taps 
while  Configurations  2  and  3  had  66  and  63,  respeetively. 

A  6-element  water-eooled  traversing  probe  (shown  in  Figure  7)  was 
traversed  into  the  flowfield  to  doeument  in-stream  properties.  The  probe 
ports  were  spaeed  0.25-in.  apart  sueh  that  an  effeetive  width  of  1.25-in. 
eould  be  spanned.  The  two  outer  probe  ports  were  dedieated  to  total 
temperature  measurements  (0.125-in.  OD  aspirated  eeramie  tips 
surrounding  Type-B  thermoeouple  junetions).  The  four  inner  probe  ports 
were  used  to  measure  pitot  pressure.  Eaeh  port  eonsisted  of  a  0.035-in.  OD  tube  mounted  eoneentrieally  within  a 
0.062-in.  OD  tube.  The  annulus  between  these  tubes  was  supplied  with  spray  water.  Pitot  pressure  was  sensed  using 
the  smaller  tube;  eaeh  of  the  smaller  tubes  was  eonneeted  to  an  Omegadyne  PX5500L1  pressure  transdueer  (500 
psia  or  1000  psia)  through  a  length  of  0.062-in.  diameter  nylon  tubing.  The  probe  was  installed  into  a  speeially 
designed  housing  that  had  a  modular  inlet  flange  allowing  it  to  be  smoothly  mated  to  either  the  nozzle  exit  or  the 
exit  of  the  forward  isolator.  The  spray-eooled  housing  had  three  probe  attaehment  ports  -  one  on  top  and  one  on 
eaeh  side.  This  allowed  the  probe  to  be  traversed  from  top-to-bottom  aeross  the  entire  duet  height  at  the  spanwise 
eenterline,  or  from  either  side  wall  to  a  point  approximately  3.5  in.  into  the  flow.  The  exit  of  the  housing  mated  to  an 
8 -in.  earbon  steel  pipe  that  interfaeed  with  the  faeility  exhaust. 


Figure  7. 
probe. 


Photograph  of  calibration 


IV. 


Results 


In  the  following  seetions,  various  eomputational  and  experimental  results  will  be  presented.  Eaeh  of  the  three 
hardware  eonfigurations  was  experimentally  evaluated  at  a  variety  of  test  eonditions.  For  brevity,  results  from  only 
seleet  eonditions  will  be  presented  in  this  paper.  Comparisons  will  be  made  between  the  experimental  and 
eomputational  results  where  appropriate.  Finally,  additional  eomputational  results  will  be  shown  to  provide  details 
of  the  elean  and  distorted  flow  profiles  beyond  what  is 
inferred  from  the  physieal  measurements. 


A.  Experimental  and  Computational  Comparisons 

1.  Configuration! 

Figure  8  shows  the  measured  and  predieted  wall 
statie  pressure  distributions  through  the  faeility  nozzle 
and  forward  engine  isolator  used  in  Configuration  1  for 
a  ease  with  P_P0  =185  psia  and  T_VH  =  2500°R.  In 
this  ease,  the  measured  pressure  distribution  eompares 
favorably  with  the  eomputational  results.  A  slight 
diserepaney  oeeurs  in  the  experiments  within  the 
forward  engine  isolator.  This  hardware  seetion  has  a 
thermal  barrier  eoating  applied  to  the  walls  that  results 
in  an  abrupt  ehange  in  wall  heat  transfer  and  surfaee 
roughness.  The  effeet  of  these  influenees  is  to  elevate 
the  wall  pressure  slightly  as  observed  in  the 
experimental  measurements. 


Figure  8.  Wall 
Configuration  1. 


static  pressure  distributions  from 


6 

American  Institute  of  Aeronautics  and  Astronautics 


Figure  9  contains  pitot  pressure  and  total 
temperature  data  from  the  exits  of  the  facility  nozzle 
(Figure  9a)  and  forward  engine  isolator  (Figure  9b). 
Note  that  in  the  physical  measurements,  the 
thermocouples  are  positioned  ±0. 625-in.  off  the 
centerline  and  the  pitot  probes  are  ±0.125-  and  ±0. 375- 
in.  off  the  centerline  while  the  computational  results  are 
from  the  centerline.  In  general,  the  agreement  between 
the  computation  and  the  experiment  is  very  good 
although  there  are  some  discrepancies.  The  computation 
predicts  thinner  thermal  boundary  layers  than  observed 
in  the  measurements.  The  body  side  boundary  layer 
(near  Y  =  1.0)  as  inferred  from  the  pitot  pressure  data  is 
also  thinner  in  the  computational  simulation  than  in  the 
experiment.  Finally,  a  feature  peculiar  to  the  experiment 
is  observed  near  Y  =  0.6;  this  feature  is  common  to  the 
experiments  where  the  calibration  probe  is  used  and  is 
attributed  to  probe-induced  interference.  Aside  from 
these  features,  the  profiles  show  a  relatively  uniform 
core  flow  over  the  majority  of  the  duct  height  at  both 
axial  locations.  This  is  consistent  with  the  traditional 
direct-connect  experimental  approach. 

2.  Configuration  2 

Wall  pressure  distributions  from  Configuration  2  are 
presented  in  Figure  10  for  a  case  where  P_P0  =  225  psia 
and  T_VH  =  2000°R.  Excellent  agreement  is  obtained 
between  the  physical  measurements  and  the 
computational  results,  especially  through  the  facility 
nozzle  and  facility  isolator  sections.  As  noted  in  the 
experimental  results  from  Configuration  1 ,  the  two  data 
sets  diverge  slightly  in  the  forward  engine  isolator  due 
to  the  influence  of  the  thermal  barrier  coating  on  the 
walls  of  that  hardware. 

Pitot  pressure  and  total  temperature  profiles  from 
Configuration  2  appear  in  Figure  11.  Measurements  and 
computations  agree  relatively  well  at  the  facility  nozzle 
exit  plane  (Figure  11a).  The  experimental  pitot  pressure 
data  again  show  the  presence  of  a  probe-induced 
disturbance  (near  Y  =  0.55).  Boundary  layer  behavior 
appears  well  predicted  at  this  axial  position,  although 
the  total  temperature  measurements  near  the  cowl  wall 
appear  artificially  high.  At  the  exit  of  the  forward 
engine  isolator  (Figure  11b),  the  total  temperature 
measurements  near  the  cowl  wall  exhibit  similar 
behavior.  At  this  station,  it  is  clear  that  the  wall 
boundary  layers  have  thickened  noticeably  because  of 
the  facility  isolator.  The  region  of  uniform  flow  in  the 
core  of  the  flowpath  is  greatly  reduced  compared  with 
the  results  from  Configuration  1 .  Also,  the  pitot  pressure 
measurements  in  the  core  suggest  a  local  region  of 
higher  Mach  number  (lower  pitot  pressure  values) 
compared  with  the  CFD  result.  Aside  from  these 
differences.  Configuration  2  appears  to  produce  a  clean 
supersonic  flow  with  substantially  thicker  boundary 
layers  than  were  observed  in  Configuration  1.  Since 


(a)  Facility  nozzle  exit. 
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Figure  9.  Pitot  pressure  and  stagnation  temperature 
profiles  from  Configuration  1. 
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Figure  10.  Experimental  and  computational  wall 
static  pressure  distributions  from  Configuration  2. 
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both  hardware  assemblies  also  generate  approximately 
the  same  one-dimensional  engine  throat  Maeh  number 
(see  Figure  5),  isolator-eombustor  experiments  using 
these  eonfigurations  should  reveal  the  influenees  of  wall 
boundary  layer  thiekness  on  engine  performanee  and 
operability. 

3.  Configuration  3 

Wall  statie  pressure  data  through  the  various 
hardware  seetions  that  eomprise  Configuration  3  are 
shown  in  Figure  12.  Both  experimental  and 
eomputational  data  from  a  ease  where  P_P0  =  250  psia 
and  T_VH  =  2500°R  are  ineluded  in  this  figure  for 
eomparison.  Exeellent  agreement  is  observed  between 
the  two  data  sets  suggesting  that  the  behavior  of  the 
distortion  generator  is  well  predieted  by  CFD.  The  wave 
generated  by  the  body  side  eompression  surfaee 
interseets  the  eowl  wall  at  the  same  axial  position  in  the 
experiment  and  the  simulation  (near  X  =  -2).  The 
behavior  of  the  refleeted  shoek  wave  also  eompares 
well,  although  the  peak  pressure  measured  in  the 
experiment  (near  X  =  2)  is  slightly  higher  than 
predieted.  The  expansion  on  the  eowl  wall  is  also  very 
well  predieted  (0<X<3).As  observed  in  the  other  two 
eonfigurations,  this  elevated  pressure  may  be  related  to 
the  presenee  of  the  thermal  barrier  eoating  on  the 
forward  engine  isolator  walls. 

Figure  13  shows  eomparisons  between  the 
experimental  and  eomputational  in-stream 

measurements.  In  these  plots,  probe  measurements  and 
eomputational  results  are  presented  from  the  spanwise 
eenterline.  The  physieal  measurements  were  made  in  the 
same  loeations  as  in  the  previous  eonfigurations.  The 
data  shown  in  Figure  13a  from  the  faeility  nozzle  exit 
exhibit  relatively  good  agreement  between  the 
measurements  and  predietions,  although  the  thermal 
boundary  layers  are  somewhat  different.  Both  pitot 
pressure  and  total  temperature  distributions  reveal  a 
uniform  eore  flow  over  the  majority  of  the  duet  height. 
A  slight  probe-indueed  disturbanee  is  present  near  Y  = 
0.55  that  is  absent  from  the  CFD  results.  At  the  exit  of 
the  forward  engine  isolator,  the  pitot  pressure  and  total 
temperature  distributions  beeome  substantially  skewed 
due  to  the  presenee  of  the  distortion  generator  (Figure 
13b).  Predietions  and  measurements  again  eompare 
quite  well  exeept  for  the  probe-indueed  disturbanee  near 
Y  =  0.55. 

Figure  14.  shows  three  photographs  of  the  flow 
surfaees  within  the  forward  engine  isolator  and  the 
distortion  generator.  In  eaeh  photograph,  the  engine 
throat  loeation  is  noted  along  with  the  flow  direetion. 
Beeause  the  in-stream  eombustion  heater  used  in  these 
experiments  generates  a  finite  amount  of  small  soot 
partieles,  visualization  of  shoek  wave  patterns  on  the 
walls  of  various  hardware  eomponents  is  possible.  The 
soot  partieles  tend  to  aeeumulate  in  regions  of  large 


(a)  Facility  nozzle  exit. 


(b)  Forward  engine  isolator  exit. 


Figure  11.  Pitot  pressure  and  stagnation 
temperature  profiles  from  Configuration  2. 
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Figure  12.  Experimental  and  computational  wall 
static  pressure  distributions  from  Configuration  3. 
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pressure  and  veloeity  gradients  leaving  diseernible 
evidenee  of  shoek  footprints.  Figure  14a  shows  a 
portion  of  the  distortion  generator  with  one  of  the  side 
walls  removed.  The  oblique  shoek  wave  generated  from 
the  eompression  surfaee  is  observed,  as  is  the  first 
refleetion  of  this  wave  from  the  eowl  surfaee.  This 
refleeted  wave  then  interaets  with  the  body  wall  inside 
the  forward  portion  of  the  engine  isolator  (Figure  14b). 

A  seeond  refleeted  wave  then  interaets  with  the  eowl 
wall  (Figure  14e).  As  expeeted,  the  shoek  footprints 
suggest  that  the  wave  is  relatively  planar  aeross  the 
eentral  portion  of  the  flowpath  while  it  eurves  upstream 
near  the  side  walls. 

Similar  information  is  obtained  from  the  CFD 
simulations  of  this  flowpath.  For  example,  wall  statie 
pressure  distributions  are  also  shown  in  Figure  14  for 
direet  eomparison  with  the  photographs  of  the 
experimental  hardware.  In  these  plots,  blaek  lines  are 
used  to  identify  the  shoek  wave  loeations.  Exeellent 
agreement  in  both  position  and  shape  of  the  four 
features  is  observed  between  the  eomputational  and 
experimental  results. 

B.  Computational  Simulations  with  Elevated  Back 
Pressure 

Based  on  the  exeellent  agreement  between  the 
experiments  and  eomputations  during  the  ealibration 
phase  of  this  work,  an  additional  CFD  study  was 
performed  to  investigate  the  impaet  of  flow  distortion 
on  isolator  and  eombustor  performanee.  For  this  study, 
the  outflow  boundary  eondition  was  set  to  a  fixed  baek 
pressure,  sueh  that  the  pressure  ratio  aeross  the  isolator 
was  4.5.  This  pressure  ratio  is  representative  of  the 
isolator  pressure  ratio  expeeted  for  flight  Maeh  numbers 
of  approximately  5. 

The  impaet  of  inflow  distortion  on  isolator 

performanee  is  evaluated  in  terms  of  the  position  of  the  shoek  train  within  the  isolator.  The  shoek  position  is 
indieative  of  the  amount  of  stability  margin  available  to  the  engine.  Figure  15  shows  eenterline  pressure 
distributions,  and  Figure  16  shows  eenterline  Maeh  number  distributions.  The  pressure  distributions  show  only  a 
small  ehange  in  the  loeation  of  the  start  of  the  shoek  train  as  a  funetion  of  hardware  eonfiguration.  The  Maeh 
number  distributions  show  that  the  two  eases  without  distortion  develop  separated  regions  on  the  body  and  eowl 
walls  at  the  same  streamwise  loeation.  The  eonfiguration  using  the  distortion  generator,  however,  exhibits  separation 
first  on  the  eowl  side.  The  separated  region  on  the  body  side  in  this  eonfiguration  is  relatively  small. 

The  impaet  of  inflow  distortion  on  eombustor  performanee  is  evaluated  by  examining  the  mass  flux  distribution 
at  the  isolator  exit  plane.  Differenees  in  mass  flux  distribution  may  indieate  that  a  different  fuel  injeetion  pattern 
might  be  required  for  eomparable  eombustor  performanee.  Figure  17  shows  the  mass  flux  at  the  isolator  exit  for  the 
three  eonfigurations  of  interest.  The  CFD  indieates  that,  for  eaeh  eonfiguration,  the  majority  of  the  air  flow  is  pushed 
away  from  the  side  walls  toward  the  eenter  of  the  duet.  Due  to  the  larger  separation  on  the  eowl  side,  the 
eonfiguration  using  the  distortion  generator  also  shows  more  mass  being  pushed  toward  the  body  side. 


Figure  13.  Pitot  pressure  and 
temperature  profiles  from  Configuration  3. 
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(a)  Shock  structure  in  distortion  generator  (side  wall). 


Throat 


Flow 


Body  wall  of  forward 
engine  isolator 
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(b)  Shock  footprint  on  body  wall  of  forward  engine  isolator. 


Figure  14.  Actual  and  predicted  shock  footprints  on  the  walls  of  various  hardware  sections. 


V.  Future  Work 

Having  established  that  both  elean  and  distorted  in-flow  profiles  of  similar  one-dimensional  Maeh  numbers  ean 
be  generated  in  the  AFRL/PRAS  direet-eonneet  eombustion  faeility,  experimental  assessments  of  the  impaets  of 
inflow  distortion  on  the  performanee  and  operation  of  a  dual-mode  hydro earb on- fueled  seramjet  will  be  eondueted. 
Of  partieular  interest  are  any  ehanges  to  the  eombustor  fuel  distribution  that  may  be  required  beeause  of  the  non- 
uniform  inflow  mass  distribution.  Initially,  the  eombustor  performanee  and  operability  will  be  established  using  the 
Maeh  2.56  faeility  nozzle  with  no  faeility  isolator  present  (i.e.,  Configuration  1).  These  experiments  will  be 
eondueted  with  gaseous  hydroearbon  fuels.  Following  this  eharaeterization,  Configuration  3  will  be  installed  and  the 
eombustion  experiments  will  be  repeated.  In  addition,  the  symmetry  assumption  used  in  the  eurrent  CFD  results  will 
be  examined  based  on  the  results  of  related  studies. 
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(a)  Configuration  1. 


(b)  Configuration  2. 


2S  20  -15  »0  „  -5  0  5  «0 


(c)  Configuration  3. 

Figure  15.  Pressure  distributions  on  spanwise  centerline;  isolator  pressure  ratio  =  4.5. 


(b)  Configuration  2. 


(c)  Configuration  3. 

Figure  16.  Mach  number  distributions  on  spanwise  centerline;  isolator  pressure  ratio  =  4.5. 


VI.  Conclusion 

A  novel  approach  to  simulating  inlet  distortion  effects  in  a  direct-connect  test  environment  was  sought  to 
investigate  the  effects  of  inflow  distortion  on  combustor  performance  and  operability.  Computational  fluid  dynamics 
tools  were  used  to  design  a  new  section  of  hardware,  called  a  distortion  generator,  which  would  reproduce  the  shock 
structure  encountered  in  a  planar  free-jet  or  flight  vehicle  inlet.  This  device  expanded  a  clean  supersonic  flow  to 
conditions  at  the  first  shock  reflection  point  within  the  inlet.  At  this  point,  the  distortion  generator  flow  lines 
followed  the  inlet  flow  lines  to  the  engine  throat.  This  approach  reproduced  most  of  the  features  expected  to  be 
present  in  the  inlet,  with  the  exception  of  the  boundary  layers.  Experimental  and  computational  investigations  were 
undertaken  to  calibrate  the  distortion  generator  and  two  other  more  traditional  direct-connect  hardware  assemblies  to 
evaluate  their  flow  performance.  Physical  wall-based  and  in-stream  measurements  from  the  various  configurations 
agreed  relatively  well  with  the  results  of  computational  simulations  with  a  few  minor  discrepancies.  The  distortion 
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(a)  Configuration  1. 


(b)  Configuration  2. 


(c)  Configuration  3. 
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generator  proved  to  operate  effeetively,  and  the 
flowfield  it  produeed  was  substantially  different  from 
either  of  the  flowfields  generated  by  the  more  traditional 
direet-eonneet  hardware.  When  simulated  with  elevated 
baek  pressure  eonsistent  with  a  Maeh  5  eombustion 
environment,  the  three  hardware  eonfigurations  were 
shown  to  generate  similar  mass  flux  distributions  at  the 
eombustor  inlet.  Mueh  of  the  air  mass  was  direeted 
toward  the  spanwise  eenterline  of  the  flowpath  in  eaeh 
eonfiguration.  However,  in  the  ease  of  the  distortion 
generator,  the  air  mass  flux  distribution  was  more 
skewed  toward  the  body  wall  beeause  of  asymmetrie 
boundary  layer  separation.  This  observation  may  have 
implieations  on  how  eombustor  fueling  must  be 
ehanged  as  a  funetion  of  the  level  of  inflow  distortion. 

Future  work  will  investigate  the  eombustor  operability 
and  performanee  eharaeteri sties  using  these  different 
hardware  eonfigurations  to  better  assess  the  effeets  of 
inflow  distortion  in  the  direet-eonneet  test  environment. 
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Figure  17.  Mass  flux  distributions  at  exit  of  engine 
isolator;  isolator  pressure  ratio  =  4.5. 
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